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Biological rhythms are critical in the etiology of mood disorders; therefore, effective mood disorder
treatments should address rhythm disturbances. Among the variables synchronized with the lightedark
cycle, spontaneous activity in rodents is useful for investigating circadian rhythms. However, previous
studies have focused only on the increase of wheel-running activity under restricted feeding conditions,
while little information is available on circadian rhythm of running activity. In this study, chronometrical
analysis was used to assess whether circadian rhythms during wheel-running are altered by restricted
feeding and affected by antidepressant drugs. Wheel revolutions were automatically recorded and
analyzed using cosinor-rhythmometry in 8-week old ICR albino mice. When feeding was restricted to 1 h
per day (21:00e22:00), wheel-running rhythms were reliably disrupted. Female mice exhibited marked
alterations in the pattern and extent of wheel-running beginning on day 1. Subchronic treatment with
imipramine or paroxetine, as well as tandospirone and ()-DOI, prevented wheel-running rhythm
disruption. Thus, altering the circadian activity rhythms of female mice on a 1-h feeding schedule may be
useful for investigating disturbances in biological rhythms.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction disturbances (4) and irregular eating patterns (5). Although phar-Since the concept of the “animal model” was introduced into
psychiatric medicine, various experimental models of mental ill-
nesses, including anxiety, depression and dementia, have been
developed and used to screen novel psychotropic drugs, and to
understand the brain mechanisms underlying behavioral disorders.
However, the disruption of rhythmicity in psychiatric patients re-
mains under-researched: the difﬁculty of devising a valid animal
model, and the complicated statistical analysis required to assess
circadian rhythms, may have restricted the use of a chronobiolog-
ical approach in experimental psychopharmacology. However,
depressive disorder is accompanied by alterations in the periodic
rhythms of daily life. Indeed, the rhythm of the sleepewake cycle,
which is synchronized with the lightedark cycle, is important
inmood disorders and desynchronizationwith the lightedark cycle
is a risk factor for depression (1e3). Females suffering from
mood disorders are characterized by a high prevalence of sleep.jp (K. Miyawaki).
rmacological Society.
g by Elsevier B.V. on behalf of Japa
d/4.0/).maceutical research has focused on time-dependent drug effects
and pharmacodynamics (6e8), information concerning the effects
of drugs on desynchronized behavioral patterns remains limited.
Among the variables synchronized with the lightedark cycle,
spontaneous activity in rodents is particularly instructive for the
investigation of circadian rhythms. When mice and rats are indi-
vidually housed in cages with running-wheels under restricted
feeding conditions (1 h per day), they exhibit excessive wheel-
running and decreased food consumption, with activity decreasing
markedly after reaching peak wheel revolutions, followed by death
(9). In early investigations, Routtenberg (10, 11) termed this phe-
nomenon, characterized by novelty and food-deprivation stressors,
as “self-starvation”. Pare and Houser (12) emphasized that aug-
menting running activity itself generated stress, termed by these
authors “activity-stress.” In addition to the development of gastric
mucosal lesions (13, 14), the following physical disabilities, possibly
resulting from emaciation, have also been reported and have
included atrophy of the thymus and spleen (15), as well as and ad-
renal hypertrophy (16). The number ofwheel revolutions during the
light-phasewas greater comparedwith the dark-phase in nocturnal
rats maintained on a 1-h feeding schedule (17). Although obtaining
accurate information on wheel-running activity rhythms followingnese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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in running activity, plotted against time, has not been reported.
Circadian rhythm disturbancesmay be themajor determinant of
mood disorders (3, 18, 19). The prevalence of mood disorders,
including sleeping and eating disturbances, is higher in females
than in males; the effectiveness of psychotropic drugs also differs
between genders (20, 21). Nevertheless, investigators rarely use
female animals due to concerns regarding complicated interactions
between endocrine changes during the estrous cycle and drug ef-
fects. However, it is important to establish that drugs prescribed to
females, including antidepressants, are efﬁcacious and safe.
In the present study, a chronobiological approach was taken to
assess whether restricting feeding to 1 h per day in female ICR mice
desynchronizes wheel-running activity with respect to the light-
edark cycle. Because rhythmometrical, spontaneous wheel-
running data is limited, we ﬁrst analyzed three activity rhythm
components (midline estimating statistic of rhythm [MESOR],
amplitude, and acrophase) in female and male mice under
restricted feeding conditions. We then investigated whether anti-
depressant drug treatment prevents desynchronization in female
mice; current evidence suggests that disturbances in circadian
rhythms could be normalized by daily treatment with antidepres-
sants (3, 22). Serotonergic nervous activity in the brain appears to
contribute to circadian rhythm regulation in mood disorder pa-
tients (3), and to depressive-like states in animals (23, 24). We also
investigated whether the desynchronization of running activity
rhythms, in response to a 1-h feeding schedule, is altered by sub-
chronic treatment with tandospirone, a 5-HT1A receptor agonist, or
()-2,5-dimethoxy-4-iodoamphetamine (DOI), a 5-HT2A receptor
agonist.
2. Materials and methods
2.1. Subjects
ICR albino male and female mice (CLEA, Osaka), 6 weeks of age,
were habituated to laboratory conditions for at least 2 weeks in a
conventional polycarbonate cage (21  31  14 cm, 10 animals per
cage) before the experiments commenced. Mice had free access to
food and water. Cage ﬂoors were covered with wood shavings, and
were cleaned every 4 days. The temperature of the vivarium was
maintained at 23 ± 2 C; a 12/12-h light/dark cycle was automati-
cally controlled (lights on/off at 07:00 and 19:00, respectively). The
experiments were conducted in accordance with National In-
stitutes of Health guidelines and the Guide for Animal Experi-
mentation of the Ehime University School of Medicine.
2.2. Apparatus
The apparatus consisted of a running wheel (20.5 cm in diam-
eter) and adjoining stainless-steel cage (7  7  8 cm) with a wire-
mesh bottom (Muromachi Kikai Co. Ltd., Tokyo). A sliding door
separated the wheel from the adjoining cage, and mice could take
water freely. Each cage was placed on a small plate with wood
shavings, but mice did not touch the wood shavings. Wheel revo-
lutions were automatically recorded, using an interface (MSR128-
V5, M-System Co. Ltd., Osaka) connected to a computer system, at
1 min intervals. For analysis purposes, intervals were summed to
60 min.
2.3. General procedure
The estrous stage of 8-week-old female mice was determined
twice per day (between 09:00e10:00 and 16:00e17:00) using
vaginal smears before the experiment. Vaginal smears werecollected using a modiﬁed Pasteur pipette ﬁlled with 0.9% saline
solution. We identiﬁed each estrous stage microscopically accord-
ing to the methods described in Bekku et al. (24). When the mice
were in the diestrus stage, they were removed from their home
cage and placed into a wheel cage, at 17:00 to measure running
activity. All mice were habituated to the apparatus for 4 days
without food restriction prior to the onset of the experimental
feeding conditions. We measured daily body weight at 17:00.
2.4. Experimental design
With the exception of the ﬁrst experiment, three separate series
of experiments were conducted using female mice. The ﬁrst
experiment examined gender differences; 19 males and 15 females
were randomly subdivided into ad libitum and 1-h feeding groups.
The second experiment assessed whether subchronic treatment
with imipramine (at 5 or 10 mg/kg) or paroxetine (at 2.5 or 5 mg/
kg) attenuated the circadian rhythm desynchronization induced by
1-h feeding conditions. Forty mice were randomly assigned to ﬁve
groups. The third experiment investigated whether 5-HT1A or 5-
HT2A receptors are involved in attenuating the circadian rhythm
desynchronization induced by 1-h feeding, using subchronic
treatment with tandospirone (at 2.5 mg/kg or 5 mg/kg) or ()-DOI
(at 0.5 mg/kg or 1 mg/kg). Forty-seven mice were randomly
assigned to six groups.
2.5. Drug administration
Each drug or vehicle was administered twice per day (at 09:00
and 17:00). Drug treatments were started the day after intro-
ducing each mouse to the apparatus, and continued until the
experiment was terminated. Imipramine hydrochloride (WAKO
Pure Chemical Industries, Ltd., Tokyo) and paroxetine maleate
(Sigma, St. Louis, MO, USA) were administered orally. Tandospir-
one dihydrogen citrate (Sumitomo Pharmaceuticals Co., Ltd.,
Osaka) was administered orally, while ()-DOI (Sigma, St. Louis,
MO, USA) was administered subcutaneously. All drugs were dis-
solved in distilled water, except for ()-DOI which was dissolved
in isotonic saline.
2.6. Statistical analysis
The number of wheel revolutions was collected by an interface
connected to a computer system; we analyzed these data using
cosinor-rhythmometry. Periodic regression analysis (PRA) ob-
tained the best-ﬁt regression curve to the wheel revolutions of
every 60 min period for 24 h. A fundamental rhythm with 24-h
harmonics was ﬁtted using Fourier analysis, and was assessed by
the coefﬁcient of determination (R2) using least-squares analysis.
We calculated the following three parameters (25): MESOR (24-h
mean wheel revolutions about which oscillation occurs); ampli-
tude (the distance between MESOR and the highest value of the
curve); and acrophase (timing of the highest point, in degrees).
Periodic analysis of covariance (PANCOVA) was used to assess
group differences in periodic regression curves, according to
wheel-running extent (MESOR) and pattern (amplitude and
acrophase). A value of p < 0.01 was taken to indicate statistical
signiﬁcance. Differences in either extent or pattern were consid-
ered statistically signiﬁcant according to the method described by
Hayashi (26). MESOR, amplitude, and acrophase consistency, be-
tween the control and experimental groups, was analyzed using
the intraclass correlation coefﬁcient (ICC). All data are expressed
as means ± SE. Multiple comparisons were performed using
Bonferroni's multiple comparison tests following ANOVA or
ANCOVA.
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3.1. Comparison between male and female mice
The 1-h mean wheel-running activity revolutions, collected
automatically at 1 min intervals throughout 6-day periods, are
plotted in Fig. 1. Running activity rhythms in the ad libitum feeding
group were well-synchronized with the lightedark period in both
male (Fig.1a) and female (Fig.1c) mice. However, when feedingwas
restricted to 1 h per day, following the 4-day habituation period,
circadian rhythms were disrupted (Fig. 1b and d); female mice ran
during either dark or light phases and died suddenly within 3 days
of the start of the 1-h feeding schedule. Table 1 shows the pa-
rameters for periodic regression curves between the ad libitum and
1-h feeding groups in male and female mice. In male mice PAN-
COVA revealed no signiﬁcant differences in wheel-running extent
or pattern, between the ad libitum and 1-h feeding groups during
the adaptation period and on day 1 of restricted feeding. However,
on day 2, there was a signiﬁcant group difference (F (1, 42) ¼ 19.145,
p < 0.01). MESOR in the 1-h feeding group was also signiﬁcantly(a) Wheel-running activity under ad libitum feeding schedule  
      in male mice (n=9) 
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Fig. 1. Comparison of wheel-running activity between male mice (a: ad libitum feeding gro
group). Each dot shows the mean number of wheel revolutions per 30 min. Black rectangula
the light phase (07:00e19:00 h). Parentheses indicate the number of animals that survived
Table 1
Comparison of parameters for periodic regression curves betweenad libitum and 1-h fee
Ad libitum feeding group 1-h feedin
n R2 MESOR Amp. Phase n R2
Male mice
Pre-level 9 0.694 21.583 18.242 00:46 10 0.
Day 1 9 0.716 21.282 24.610 23:53 10 0.
Day 2 9 0.834 30.051 30.850 00:18 10 0.
Day 3 9 0.674 35.324 36.502 23:48 10 0.
Female mice
Pre-level 8 0.584 39.602 30.254 00:18 7 0.
Day 1 8 0.530 44.120 38.072 00:03 7 0.
Day 2 8 0.478 48.833 35.725 01:11 7 0.
Day 3 8 0.580 52.411 38.472 00:45 6 0.
a p < 0.01, signiﬁcantly different from the corresponding ad libitum feeding group.higher than that of the ad libitum group (p < 0.01). On day 3,
PANCOVA revealed a signiﬁcant difference inwheel-running extent
(F (1, 42) ¼ 13.969, p < 0.01), and the 1-h feeding group showed a
higher MESOR value compared with the ad libitum group. In female
ad libitum mice, there were signiﬁcant differences in the MESOR
between the ad libitum and 1-h feeding groups. PRA also revealed
higher R2 values, ﬁtted with 24-h power density, compared with
the other periodic components. On day 1, PANCOVA showed that
wheel-running extent (F (1, 42) ¼ 45.169, p < 0.01) and pattern (F (2,
42) ¼ 11.145, p < 0.01) differed between the ad libitum and 1-h
feeding group females. MESOR of the 1-h feeding group was
signiﬁcantly higher than that of ad libitum group (p < 0.01).
Moreover, acrophase after 1-h feeding was shifted from 00:03 to
09:09 compared with the ad libitum feeding group. Although
PANCOVA revealed a signiﬁcant difference in the wheel-running
pattern of female mice, it was unclear which amplitude and
acrophase were affected by restricted feeding. To determine this,
we evaluated the consistency between the ad libitum and 1-h
feeding groups using matching coefﬁcients with ICC. Matching
coefﬁcients under 1-h feeding differed from those of the adaptationPre-level 1 2 3 4 5 day 
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(c) Wheel-running activity under ad libitum feeding schedule  
in female mice (n=8)  
(d) Wheel-running activity under 1-h feeding schedule  
in female mice (n=7)
(8) (8) (8) (8) (8) (8) 
(7) (7) (7) (6) (1) (1) 
up; b: 1-h feeding group) and female mice (c: ad libitum feeding group; d: 1-h feeding
r columns show the dark phase (19:00e07:00 h) and white rectangular columns show
.
ding groups in male and female mice.
g group ICC
MESOR Amp. Phase Amp. Phase Overall
765 17.342 16.826 22:43 0.997 0.858 0.855
698 29.925 28.915 21:47 0.987 0.854 0.843
366 53.063 23.705 22:02 0.966 0.828 0.800
205 63.538 21.247 01:26 0.870 0.910 0.792
548 42.573 33.252 00:31 0.996 0.998 0.994
165 93.655 14.058 09:09 0.650 0.724 0.470
185 56.708 18.180 01:30 0.808 0.997 0.806
083 13.993 5.859 00:11 0.298 0.989 0.294
Table 2
Comparison of the body weight (g) between male and female mice or between ad
libitum and 1-h feeding groups.
Groups n Pre-level 1-h feeding period
Day 1 Day 2 Day 3
Ad libitum feeding groups
Male 9 38.0 ± 2.8 37.7 ± 2.9 37.8 ± 3.1 37.9 ± 2.8
Female 8 28.1 ± 1.4 28.3 ± 1.3 28.4 ± 1.2 28.8 ± 1.1
1-h feeding groups
Male 10 38.2 ± 3.1 33.8 ± 2.9 30.7 ± 2.9 29.0 ± 3.2
Female 7 28.7 ± 2.3 24.6 ± 2.0 22.9 ± 2.0 21.6 ± 2.0
Each value indicates the mean ± S.E.
a p < 0.01, signiﬁcantly different between male and female mice.
b p < 0.05 and cp < 0.01, signiﬁcantly different from the corresponding pre-level.
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feeding groups revealed that acrophase was reversed by 1-h
feeding. On day 2, there were no group differences in wheel-
running extent or pattern. However, on day 3, both wheel-
running extent (F (1, 42) ¼ 42.687, p < 0.01) and pattern (F (2,
42) ¼ 7.726, p < 0.01) differed among groups. On day 1, MESOR of 1-
h feeding group was signiﬁcantly higher than pre-level, while on
day 3, the 1-h feeding group showed a signiﬁcantly lower MESOR
value compared with the pre-level. During the adaptation periods,
there were no group differences in wheel-running extent (MESOR)
or pattern, in either male or female mice.
Fig. 2 displays the periodic regression curves of female mice
during the (a) adaptation and (b) experimental periods. As
mentioned above, in the ad libitum feeding group the coefﬁcient
(R2) was well-ﬁtted with 24-h power density, but not in the 1-h
feeding group. By contrast, in male mice, matching coefﬁcients
were consistent between the 1-h and ad libitum feeding groups
(Table 1). Disruption of circadian rhythms following restricted
feeding was more pronounced in female vs. male mice. Signiﬁcant
acrophase differences, between the ad libitum and 1-h feeding
groups, were observed only on day 1. Based on these ﬁndings,
evaluated drug effects in female mice using wheel-running
rhythms after 1-h feeding.
Table 2 shows changes in body weight during the experimental
period. Factorial ANOVA (4  4) revealed a signiﬁcant difference
between male and female mice (F(3, 30) ¼ 46.258, p < 0.01) and
among trials (F(3, 90) ¼ 199.264, p < 0.01). Multiple comparisons
showed that there were signiﬁcant differences between males and
females in both the ad libitum and 1-h feeding groups (p < 0.01).
Compared with the pre-level, signiﬁcant differences were found
on day 1 (p < 0.05), day 2 (p < 0.01) and day 3 (p < 0.01) in male
and female mice. Weight loss inmale mice was 4.4% of pre-level on0 
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(b) Cosinor curves at day 1 in both ad libitum and 1-h feeding groups 
Fig. 2. Cosinor curves for the ﬁrst day of the 1-h feeding schedule in female mice. The
upper panel (a) shows periodic regression curves for the day before the experimental
feeding schedule, and the lower panel (b) shows cosinor curves for the ﬁrst day of the
experimental feeding schedule. Circles (C) indicate the ad libitum feeding group and
triangles (:) indicate the 1-h feeding group. Solid line shows MESOR for the ad
libitum feeding group and dotted line shows MESOR for the 1-h feeding group.day 1 and 4.1% in female mice. On day 3, body weight loss was
24.1% of pre-level in male mice and 25.4% in female mice, with one
death.
3.2. Subchronic effects of antidepressant drugs
Fig. 3 illustrates the effects of imipramine and paroxetine on
the disruption of circadian activity rhythms induced by the 1-h
schedule in female mice. PANCOVA indicated no signiﬁcant group
differences in the extent (F(5, 126) ¼ 0.709) or pattern (F(10,
126)¼ 0.929) of wheel-running during adaptation periods. On day 1
of the 1-h feeding schedule, signiﬁcant differences among the six
groups were observed in the extent (F(5, 126)¼ 22.604, p < 0.01) and
pattern (F(10, 126) ¼ 10.616, p < 0.01) of wheel-running (the ad
libitum feeding group was added as a control). As shown in Table 3,
compared with vehicle on day 1, Bonferroni's multiple compari-
sons revealed that imipramine and paroxetine treatment signiﬁ-
cantly decreased MESOR (p < 0.01). To evaluate the effect of drug
onwheel-running pattern, we compared the activity consistency of
the ad libitum and drug-treated groups using ICC. Compared with
the vehicle group, the antidepressant groups were characterized
by a higher matching coefﬁcient, even under the 1-h feeding
schedule.
3.3. Subchronic effects of tandospirone and DOI
Fig. 4 illustrates the effects of tandospirone and DOI on the
disruption of circadian activity rhythms induced by the 1-h feeding
schedule in female mice. Because of the different routes of
administration, we used two vehicle-treated groups, and added an
ad libitum feeding control group for analysis purposes. In the
tandospirone-treated group, there was a signiﬁcant difference in
wheel-running extent (F(3, 84)¼ 5.741, p < 0.01), but not pattern (F(6,
84) ¼ 0.947) during adaptation periods. As shown in Table 4, tan-
dospirone at 2.5 mg/kg signiﬁcantly decreased MESOR compared
with the vehicle-treated group. On day 1 of the 1-h feeding
schedule, there were signiﬁcant differences among the four groups
differences in the extent (F(3, 84) ¼ 27.400, p < 0.01) and pattern of
wheel-running (F(6, 84) ¼ 3.416, p < 0.01). Compared with vehicle-
treated mice, Bonferroni's multiple comparisons indicated that
tandospirone treatment signiﬁcantly decreased MESOR. To eval-
uate wheel-running pattern, we compared ICC values. Compared
with the vehicle-treated group, tandospirone treatment was asso-
ciated with a higher ICC value on day 1. However, DOI signiﬁcantly
affected only the extent of wheel-running. PANCOVA revealed
signiﬁcant group differences in extent on days 1 (F(3, 84) ¼ 29.716,
p < 0.01), but not in pattern. As shown in Table 4, compared with
vehicle, DOI was associated with signiﬁcantly lower MESOR values
(p < 0.01, respectively).
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d) Paroxetine (2.5 mg/kg x 2)-treated group (n=8) 
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Fig. 3. Subchronic effects of imipramine and paroxetine on the disruption of the circadian running rhythm induced by 1-h feeding in female mice. Each dot shows the mean number
of wheel revolutions per 30 min. Black rectangular columns show the dark phase (19:00e07:00 h) and white rectangular columns show the light phase (07:00e19:00 h). Pa-
rentheses indicate the number of animals that survived. The panels show (a) the 1-h feeding group treated with vehicle, (b) the 1-h feeding group treated with 5 mg/kg imipramine,
(c) the 1-h feeding group treated with 10 mg/kg imipramine, (d) the 1-h feeding group treated with 2.5 mg/kg paroxetine, and (e) the 1-h feeding group treated with 5 mg/kg
paroxetine. Drug or vehicle was administered twice per day (at 09:00 and 17:00 h).
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On day 1, ANCOVA showed that there was a signiﬁcant effect
among imipramine (5 and 10 mg/kg), paroxetine (2.5 and 5 mg/kg)
and the vehicle groups (F(4, 34) ¼ 3.511, p < 0.05) (Table 5). MultipleTable 3
Effects of imipramine and paroxetine on parameters for periodic regression curves in fem
Groups n R2 Parameters
MESOR Amp.
Vehicle (distilled water)
Pre-level 7 0.664 42.325 35.83
Day 1 7 0.410 105.607 28.54
Imipramine 5 mg/kg
Pre-level 8 0.877 40.206 41.17
Day 1 8 0.809 55.000 51.64
Imipramine 10 mg/kg
Pre-level 9 0.802 35.749 33.09
Day 1 9 0.877 59.213 43.36
Paroxetine 2.5 mg/kg
Pre-level 8 0.510 35.402 28.30
Day 1 8 0.497 62.328 28.94
Paroxetine 5 mg/kg
Pre-level 8 0.711 37.125 36.31
Day 1 8 0.652 59.438 38.51
a p < 0.01, signiﬁcantly different from the vehicle-treated group.comparisons indicated that there was a signiﬁcant difference in
body weight loss between the vehicle and 5 mg/kg imipramine
groups or the 5 mg/kg paroxetine groups (p < 0.05, respectively).
Body weight loss in the vehicle group was 16.6% compared with
pre-levels, while the 5 mg/kg imipramine group was 11.5% and theale mice.
ICC
Phase Amp. Phase Overall
7 01:05 0.986 0.978 0.964
2 13:25 0.960 0.937 0.900
7 00:28 0.954 0.999 0.953
0 23:24 0.955 0.986 0.941
1 01:46 0.996 0.927 0.923
7 00:02 0.981 1.000 0.981
8 00:24 0.998 1.000 0.997
0 22:16 0.964 0.893 0.860
1 00:17 0.984 1.000 0.984
8 23:54 1.000 0.999 0.999
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f )  (-)-DOI (1 mg/kg x 2)-treated group (n=8) 
e) (-)-DOI (0.5 mg/kg x 2)-treated group (n=8) 
d) Vehicle (for DOI)-treated group (n=7) 
Pre-level 1 2 3     day 
1-h feeding 
Pre-level 1 2 
1-h feeding 
Pre-level 1 2 
1-h feeding 
(7) (7) (7) (3) 
(7) (7) (7) (6) 
(10) (10) (10) (9) 
(7) (7) (7) (5) 
(8) (8) (8) (8) 
(8) (8) (8) (7) 
3     day 
3     day 
Fig. 4. Subchronic effects of tandospirone and ()-DOI on the disruption of the circadian running rhythm induced by 1-h feeding in female mice. Each dot shows the mean number
of wheel revolutions per 30 min. Black rectangular columns show the dark phase (19:00e07:00 h) and white rectangular columns show the light phase (07:00e19:00 h). Pa-
rentheses indicate the number of animals that survived. The panels show (a) treatment with the vehicle for tandospirone (twice/day), (b) treatment with 2.5 mg/kg tandospirone
(twice/day), (c) treatment with 5 mg/kg tandospirone (twice/day), (d) treatment with the vehicle for ()-DOI, (e) treatment with 0.5 mg/kg ()-DOI (twice/day), and (f) treatment
with 1 mg/kg ()-DOI (twice/day).
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ences between tandospirone (2.5 and 5 mg/kg) and the vehicle
groups (F(2, 20)¼ 1.101, N.S.) on day 1. ANCOVA revealed a signiﬁcant
effect among the ()-DOI (0.5 and 1 mg/kg) and vehicle groups (F(2,Table 4
Effects of tandospirone and ()-DOI on parameters for periodic regression curves in
female mice.
Groups n R2 Parameters ICC
MESOR Amp. Phase Amp. Phase Overall
Vehicle (distilled water)
Pre-level 7 0.595 46.791 32.483 01:09 0.998 0.975 0.973
Day 1 7 0.211 106.232 23.649 05:27 0.896 0.159 0.142
Tandospirone 2.5 mg/kg
Pre-level 7 0.655 26.564 25.593 00:14 0.986 1.000 0.986
Day 1 7 0.430 50.458 25.497 23:03 0.925 0.965 0.892
Tandospirone 5 mg/kg
Pre-level 10 0.793 38.833 36.574 01:29 0.982 0.952 0.935
Day 1 10 0.657 71.467 32.893 00:48 0.989 0.981 0.971
Vehicle (saline)
Pre-level 7 0.720 41.108 30.388 00:55 1.000 0.986 0.986
Day 1 7 0.398 96.839 32.315 02:57 0.987 0.725 0.716
()-DOI 0.5 mg/kg
Pre-level 8 0.722 33.736 31.261 01:17 0.999 0.967 0.966
Day 1 8 0.830 57.052 48.479 23:56 0.971 0.999 0.971
()-DOI 1 mg/kg
Pre-level 8 0.648 26.693 22.153 01:04 0.953 0.979 0.933
Day 1 8 0.722 38.422 38.787 23:53 1.000 0.999 0.999
a p < 0.01, signiﬁcantly different from the corresponding vehicle-treated group.19) ¼ 7.042, p < 0.01) on day 1. There was also a signiﬁcant differ-
ence in body weight loss between the vehicle (17.5%) and 1 mg/kg
()-DOI groups (10.3%) (p < 0.01).
4. Discussion
The present study used chronometric analysis to demonstrate a
24-h circadian rhythm during wheel-running activity in both maleTable 5
Changes in body weight during 1 -h feeding period.
Groups % Change
Day 1 Day 2 Day 3
Vehicle (distilled water) 16.6 ± 1.3 24.4 ± 0.5 29.0 ± 0.9
Imipramine 5 mg/kg 11.5 ± 0.7 18.1 ± 1.5 22.3 ± 1.8
Imipramine 10 mg/kg 13.0 ± 1.1 19.4 ± 1.6 24.4 ± 2.2
Paroxetine 2.5 mg/kg 14.7 ± 1.8 18.9 ± 1.5 21.4 ± 2.0
Paroxetine 5 mg/kg 12.4 ± 1.4 17.5 ± 1.8 20.8 ± 1.5
Vehicle (distilled water) 15.9 ± 1.5 20.6 ± 1.8 25.1 ± 1.7
Tandospirone 2.5 mg/kg 12.6 ± 1.1 19.2 ± 1.5 22.5 ± 1.7
Tandospirone 5 mg/kg 14.6 ± 1.1 19.0 ± 1.1 24.0 ± 1.4
Vehicle (saline) 17.5 ± 2.2 24.3 ± 1.2 27.9 ± 0.5
()-DOI 0.5 mg/kg 12.8 ± 0.3 20.4 ± 1.1 26.4 ± 1.7
()-DOI 1 mg/kg 10.3 ± 1.1 16.2 ± 1.6 19.8 ± 1.8
Each values indicates % change (mean ± S.E.) comparing with the corresponding
pre-level.
a p < 0.05. bp < 0.01, signiﬁcantly different from the corresponding vehicle-treated
group.
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tivity rhythms were well-ﬁtted to a theoretical cosigner curve,
synchronizing with the 12-h lightedark cycle (lights on/off at
07:00/19:00). In both the male and female control groups, 75% of
the wheel-running activity occurred during the dark phase, peak-
ing at midnight, whereas mice were inactive during the light phase
aside from immediately after light onset. This is consistent with
previous reports of 24-h periodicity in the running-wheel rhythms
of ICR male mice reared under a 12/12-h lightedark cycle (27).
These authors also reported that a short bout of activity occurred
within 1 h of light onset.
Following the 4-day adaptation period, restricted feeding dis-
rupted the circadian rhythm synchronized with the lightedark
cycle. In particular, starvation in female mice was rapidly reﬂected
in running activity augmentation during dark and light phases, and
consequent desynchronization of the circadian wheel-running
rhythm with the lightedark cycle. By contrast, the wheel-running
revolutions of male mice gradually increased on 1-h feeding
schedule days 2 and 3. This gender difference indicates that female
micemay bemore susceptible to food deprivation. In an early study
by Pare et al. (28), wheel running-activity was signiﬁcantly greater
in female vs. male rats; survival time under 1-h feeding conditions
was also longer in male rats. We obtained similar results: the daily
number of wheel revolutions in ICR mice was higher in females
(950.4 ± 74.2, n ¼ 7) vs. males (518.0 ± 115.0, n ¼ 10). Although the
body weight of female mice was signiﬁcantly less than that of
males, the rate of weight loss following 1-h feeding exhibited
similar patterns. However, males survived for longer: on day 5, one
female had survived, compared with six males. It is conceivable
that differences in baseline wheel-running activity may involve
differences in food deprivation susceptibility. The running activity
of female mice could also have varied with the estrous cycle during
the experimental period, because the estrous cycle in female mice
is approximately 4.5 days. We did not measure the estrous cycle
after mice were placed into the activity wheel cage, because
frequent vaginal smear collections induce pseudopregnancy in0 
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(b) Cosinor curves of paroxetine-treated group during the first day 
Fig. 5. Cosinor curves for the ﬁrst day of the 1-h feeding schedule in female mice following
paroxetine-treated group, (c) the tandospirone-treated group, and (d) the ()-DOI-treated gr
group;-: high-dosage group.small rodents. However, to eliminate potential spontaneous activity
ﬂuctuations during the estrous cycle (29, 30), we used only female
mice in the diestrus stage immediately before introducing them to
the running-wheel cage.
An important ﬁnding was that subchronic treatment with
imipramine or paroxetine prevented circadian wheel-running
rhythm desynchronization under 1-h feeding conditions. As illus-
trated in Figs. 3 and 5, the circadian rhythms of female mice treated
daily with imipramine (at 5 or 10 mg/kg, twice per day) or parox-
etine (at 2.5 or 5 mg/kg, twice per day) were more-clearly delin-
eated. In a preliminary experiment, we attempted the acute
administration of these antidepressant drugs after desynchroni-
zation, but neither imipramine nor paroxetine affected circadian
rhythm desynchronization. In addition to its role in clinical practice
(31, 32), repetitive drug treatment may also mediate the efﬁcacy of
antidepressant drugs. Consistent with our results, the effects of
tricyclic antidepressants (clomipramine, desipramine and imipra-
mine) on circadian corticosterone rhythms depend on the drug
administration regimen (acute or chronic) employed (33). Because
the onset of wheel-running rhythm desynchronization in female
mice occurred on day 1 of the 1-h feeding schedule, we
commenced drug (or vehicle) administration on the day that mice
were placed into the running-wheel cage. During the adaptation
period, compared with the running activity rhythms of the ad
libitum feeding group, neither imipramine nor paroxetine was
associated with differences in the extent or pattern of wheel-
running. In addition, as we previously reported (34, 35), neither
imipramine nor paroxetine impaired the spontaneous motor ac-
tivity of female mice. Weber et al. (36) also reported that 30 mg/kg
imipramine signiﬁcantly suppressed wheel-running but 10 mg/kg
imipramine had no effect. Therefore, the possibility that these drug
effects might be concealed by drug-induced alterations in motor
behavior can be discounted. However, it remains unclear why an-
tidepressant drugs prevent the disruption of circadian running
activity rhythms induced by a 1-h feeding schedule. Because sub-
chronic treatment with imipramine or paroxetine showed lower0 
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(d) Cosinor curves of (-)-DOI-treated group during the first day 
drug or vehicle treatment. The panels show (a) the imipramine-treated group, (b) the
oup. The dotted line indicates the ad libitum feeding group.:: vehicle;C: low-dosage
K. Miyawaki et al. / Journal of Pharmacological Sciences 127 (2015) 382e390 389loss of body weight than that of the vehicle group, we cannot
eliminate the possibility that these drugs might be involved in
drug-induced prevention of weight loss.
Concerning the mechanisms underlying the disruption of
circadian running rhythms induced by restricted feeding, we also
investigated whether stimulating serotonergic receptors alters
these rhythms. Starting with an early series of studies by Nagayama
and his colleagues (37e39), it has beenwell-documented that brain
5-hydroxytryptamine (5-HT) receptor activity closely correlates
with the modulation of a number of circadian rhythms. Hell-
hammer et al (40) reported that rats housed individually in
running-wheel cages, under 1-h feeding schedules, exhibit
decreased 5-HT levels in the midbrain and cortex, in addition to
increased levels in the medulla oblongata. Therefore, we also
investigated whether stimulating 5-HT-receptors can prevent the
circadian rhythm disruption induced by a 1-h feeding schedule,
using two different agonists. Our results clearly demonstrate that
subchronic treatment with tandospirone (a 5-HT1A-receptor
agonist) and ()-DOI (a 5-HT2A-receptor agonist) prevented the
running activity rhythm disruptions induced by a 1-h feeding
schedule (Figs. 4 and 5). It is likely that a 1-h feeding schedule will
cause decreased 5-HT receptor signaling; either 5-HT1A or 5-HT2A
agonists could compensate for this dysfunction by stimulating 5-HT
receptors. However, the dose-dependent effects of tandospirone
were not clearly discernible in our study, whereas ()-DOI pre-
vented circadian rhythm disruption in a dose-dependent manner.
Chronic treatment with tandospirone (41) or ()-DOI (24), at the
doses employed herein, did not affect spontaneous motor activity.
Consequently, the dysfunction in serotonergic nervous activity
induced by restricted feeding might disrupt the circadian wheel-
running rhythms of female mice. Interestingly, both the suprachi-
asmatic nucleus and pineal body, which act as circadian rhythm
pacemakers, are densely innervated by serotonergic neurons (42),
and 5-HT1A and 5-HT7 receptors play an essential role in setting the
mammalian circadian clock (8, 43, 44). However, because ()-DOI
and antidepressants signiﬁcantly prevented the loss of body weight
induced by 1-h feeding in the present study, a different mechanism
may underlie the preventive effect of ()-DOI on behavioral rhythm
in female mice.
Rats and mice reared individually in running-wheel cages, and
fed only during a 1-h period each day, exhibited a marked increase
in running activity and weight loss, followed by death. This well-
known phenomenon was ﬁrst termed “self-starvation” (10, 11)
and subsequently renamed “activity-stress” by Pare and Houser
(12); these authors emphasized that hyperactivity itself generated
stress. Ethologically, in a variety of animal species (from insects to
primates), food scarcity is known to cause dispersal (one-way
movement) from less-to-more favorable habitats (45). Taking ﬁeld
observations into consideration, a mousemaymaintain a high level
of running activity throughout the day and night until it obtains
sufﬁcient food; if this goal-directed behavior does not yield satis-
factory consequences, the mouse is likely to have exhausted the
energy required to live. Because circadian rhythm alterations
accompany depressive mood states (3), and because the experi-
mental situation (involving food and social deprivation) is ines-
capable and therefore similar to learned helplessness (46) or
despair (47), we suggest that circadian activity rhythm alterations
in female mice, induced by a 1-h feeding schedule, may be a useful
for investigating the psychopathology of depression.Conﬂicts of interest
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